Persistent directional cell migration is involved in animal development and diseases. The small GTPase Rac1 is involved in F-actin and focal adhesion dynamics. Local Rac1 activity is required for persistent directional migration, whereas global, hyperactivated Rac1 enhances random cell migration. Therefore, precise control of Rac1 activity is important for proper directional cell migration. However, the molecular mechanism underlying the regulation of Rac1 activity in persistent directional cell migration is not fully understood. Here, we show that the ubiquitin ligase mind bomb 1 (Mib1) is involved in persistent directional cell migration. We found that knockdown of MIB1 led to an increase in random cell migration in HeLa cells in a wound-closure assay. Furthermore, we explored novel Mib1 substrates for cell migration and found that Mib1 ubiquitinates Ctnnd1. Mib1-mediated ubiquitination of Ctnnd1 K547 attenuated Rac1 activation in cultured cells. In addition, we found that posterior lateral line primordium cells in the zebrafish mib1 ta52b mutant showed increased random migration and loss of directional F-actin-based protrusion formation. Knockdown of Ctnnd1 partially rescued posterior lateral line primordium cell migration defects in the mib1 ta52b mutant. Taken together, our data suggest that Mib1 plays an important role in cell migration and that persistent directional cell migration is regulated, at least in part, by the Mib1-Ctnnd1-Rac1 pathway.
Mib1 | Ctnnd1 | Rac1 | persistent directional cell migration | ubiquitination C ell migration plays an important role in physiological and pathological processes. During development, precise regulation of cell migration is required for morphogenic processes and organogenesis, including gastrulation, neural crest-dependent organogenesis, and angiogenesis (1) (2) (3) . Additionally, cancer metastasis is closely linked to cancer malignancy and is enhanced by active cell migration (4, 5) . Therefore, elucidating the molecular mechanism underlying cell migration is important for correctly understanding these biological phenomena. During organogenesis, cells show persistent directional migration under chemical and physical guidance cues (6) . On the other hand, random migration is important for dispersion and exploration, by which cells colonize new territories during animal development (6) . Therefore, tight control of persistent directional migration versus random migration is imperative for normal animal development (6) . Migration persistence is coordinated by intrinsic cell directionality (e.g., cell polarity), and external regulation, including chemokine gradients. Factors that affect intrinsic cell directionally or external regulation can alter the degree of directional persistence (7) . However, the framework that contributes to persistent directional cell migration is complex and not fully understood.
While cell migration varies among cell types, the regulation of F-actin dynamics and cell-to-extracellular matrix adhesion are generally accepted as common regulators of cell migration (8) . In cell migration, small GTPases-such as Rac1, Cdc42, and RhoAplay central roles in F-actin dynamics and control the formation of dynamic actin-rich structures, such as lamellipodia, filopodia, and stress fibers, respectively (9) (10) (11) . They act as molecular switches to control signal pathways by cycling between a GDP-bound inactive form and a GTP-bound active form. The exchange of GDP to GTP is catalyzed by guanine nucleotide exchange factors (GEFs), and inactivation of GTPases is due to activating proteins (GAPs), which catalyze the hydrolysis of GTP to GDP on GTPases (12, 13) . The Rac1 activity level provides a regulatory switch between persistent directional and random cell migration (14) . Rac1 activity in the front region of migrating cells is induced by signal pathways that are activated by extracellular factors and contributes to persistent directional cell migration (6, 7) . In contrast, highly activated Rac1 reduces persistent directional migration and enhances random migration (14) . Therefore, precise regulation of the Rac1 activity level is required for persistent directional cell migration.
Focal adhesions (FAs) are structures in which integrin mediates adhesion of the extracellular matrix to the actin cytoskeleton (15, 16) . FAs are required for the transmitting force that moves the cell body forward, but stable FAs reduce the cell migration rate (15, 16) . Small GTPases are involved in FA dynamics; active Rac1 is required for the formation of new adhesions and active RhoA is required for the maturation and stabilization of existing contacts. Rac1 also regulates adhesion turnover by antagonizing RhoA (15, 16) . Altogether, the control of Rac1 activity is essential for F-actin and FA dynamics.
Mind bomb 1 (Mib1) is an E3 ubiquitin ligase that positively regulates Notch signaling by ubiquitinating the Notch ligands, Delta and Jagged (17) (18) (19) (20) . mib1 mutant zebrafish embryos exhibit delayed posterior lateral line primordium (pLLP) cell migration due to enhanced atoh1a expression. Excessive atoh1a expression reduces fgfr1 expression and attenuates fibroblast growth factor (FGF) signaling in the pLLP, resulting in disrupted polarized chemokine receptor expression (21) . Recent studies indicate that other molecules,
Significance
Cell migration is involved in various biological processes, including animal development and cancer metastasis. Cells show either of two different types of migratory behavior: random or directional. We show that defects in mind bomb 1 (Mib1) ubiquitin ligase, an enzyme that adds ubiquitin to substrates, leads to an increase in random cell migration. Our study revealed that Mib1 ubiquitinates Ctnnd1, a positive regulator of the small GTPase Rac1, in cultured cells. We further found that Mib1-dependent Ctnnd1 ubiquitination decreases Ctnnd1-mediated activation of Rac1, which increases random cell migration, in cultured cells. Therefore, this study shows that Mib1 contributes to persistent directional cell migration, at least in part, by regulating the Ctnnd1-Rac1 pathway.
such as DAPK, RYK, and Plk4, are also ubiquitinated by Mib1 (22) (23) (24) , and that there are many other possible Mib1 substrates (25, 26) , including molecules that control GTPase activities. Thus, Mib1 might directly regulate cell migration by modulating GTPase activities. However, Notch-independent Mib1 functions in cell migration remain unexplored.
Catenin delta1 (Ctnnd1, also known as p120ctn) has been identified as one of the molecules in the Mib1 interactome (25, 26) and belongs to the Armadillo repeat protein family (27) . Ctnnd1 binds to the juxtamembrane domain of classic cadherins, such as E-cadherin and N-cadherin, and plays important roles in delivering and stabilizing membrane-localized cadherins (27, 28) . Ctnnd1 also controls cell migration by regulating GTPase activities in the cytoplasm. A relative increase in cytoplasmic Ctnnd1 reduces F-actin-rich stress fiber and FA number, results in a striking morphological phenotype characterized by long dendritic processes, and promotes cell migration by activating Rac1 and Cdc42, and suppressing RhoA (29) (30) (31) .
This study aimed to elucidate the molecular mechanism underlying the regulation of Rac1 activity involved in F-actin and FA dynamics in persistent directional cell migration. To this end, we explored the role of Mib1 in actin dynamics and investigated Rac1 activity in vitro and zebrafish pLLP cell migration.
Results

MIB1 Is
Involved in Regulating Cell Migration in Vitro. We investigated the role of human MIB1 in cell migration using a wound-healing assay and found that MIB1 knockdown in HeLa cells resulted in accelerated wound closure ( Fig. 1 A and B and Fig. S1A ). Because MIB1 is an E3 ubiquitin ligase, we analyzed the correlation between ubiquitin ligase activity and cell migration. Expression of exogenous zebrafish WT Mib1 suppressed the accelerated cell migration caused by endogenous MIB1 knockdown ( Fig. 1C and Fig. S1B ), whereas expression of ligase activity-deficient Mib1, Mib1CS, failed to do so ( Fig. 1C and Fig.  S1B ). These data indicate that Mib1 negatively regulates cell migration in a ubiquitin ligase-dependent manner.
Cell tracking analyses revealed that while MIB1 knockdown cells showed weak persistent directional movement compared with control siRNA cells (Fig. 1 D and E and Fig. S1 C-E and Movies S1 and S2), they did migrate faster than the control cells (Fig. 1F) . In addition, the ratio of accumulated distance (the sum of the trajectory distances between start and end points) to Euclidean distance (the shortest distance between start and end points) (A/E), which indicates random motility, was higher in MIB1 knockdown cells than in control cells. (Fig. 1G and Fig. S1 D and E). These data indicate that MIB1 plays an important role in regulating the persistence of directional cell migration.
MIB1 Is Involved in F-Actin Accumulation and FA Formation. Actin is an important cytoskeletal component, and F-actin rearrangement is involved in cell migration and morphology (32) . To investigate the function of MIB1 in individual cells, we observed F-actin accumulation in HeLa cells. We found that MIB1 knockdown cells exhibited fewer F-actin-based stress fibers and more protrusions than control siRNA-transfected cells ( Fig. 2 A and B) . These data indicate that Mib1 is involved in the accumulation of F-actin.
Next, we examined the effect of MIB1 knockdown on the number of FAs in HeLa cells by antiphosphotyrosine and antiPaxillin immunostaining. MIB1 knockdown decreased the number of FAs ( Fig. 2 C and D and Fig. S2 ). In addition, time-lapse observation showed that FA dynamics was changed by MIB1 knockdown (Fig. 2 E-G and Movies S3 and S4). The lifetime of FAs in MIB1 knockdown cells was shorter than that in control cells during cell migration (Fig. 2 E-G and Movies S3 and S4). Moreover, MIB1 knockdown cells had a drastically altered shape compared with control cells (Fig. 2E and Movies S3 and S4). These data indicate that MIB1 is involved in FA formation.
Ctnnd1 Is Ubiquitinated by Mib1. Previous studies have suggested that Ctnnd1 can interact with Mib1 (25, 26) . In addition, the MIB1 knockdown phenotype-including reduced numbers of stress fibers and FAs, accelerated migration, and extra protrusions (Figs. 1 A and B and 2, Fig. S2 , and Movies S1-S4)-was similar to that associated with Ctnnd1 overexpression (30, 31) . Therefore, we investigated whether Ctnnd1 is a potential Mib1 substrate. First, we examined the cellular localizations of Ctnnd1 and Mib1 by immunohistochemistry and their molecular interactions by coimmunoprecipitation (co-IP) assays using Myc-tagged mouse Ctnnd1 and Flag-tagged zebrafish Mib1. Ctnnd1 localized to the cytosol and partially colocalized with Mib1 (Fig. 3A) . Co-IP indicated that Myctagged Ctnnd1 interacts with the Mib1CS mutant (Fig. 3B) . To identify the protein domains required for association of Mib1 with Ctnnd1, truncated forms of Mib1 and Ctnnd1 were coexpressed and their interactions were examined by co-IP. Ctnnd1 interacted with the herc2 domain of Mib1, and Mib1 primarily interacted with the N terminus of Ctnnd1 (Fig. 3 C-E) . We next investigated whether Mib1 ubiquitinates Ctnnd1, and found that WT Mib1 increased Ctnnd1 ubiquitination, whereas Mib1CS did not (Fig. 3F) . These data indicate that Mib1 interacts with and ubiquitinates Ctnnd1.
The molecular weight of Mib1-modified Ctnnd1 suggested that the modification was mainly monoubiquitination, but minor slower-migrating bands of ubiquitinated Ctnnd1 were also observed (Fig. 3F) . To determine whether Ctnnd1 ubiquitination was multimonoubiquitination or polyubiquitination, we used a lysine-free ubiquitin mutant (Ub0K), which cannot form polyubiquitin chains (33) . The use of Ub0K did not change the pattern of Mib1-mediated ubiquitination (Fig. 3G ). This result suggested that Mib1 monoubiquitinated Ctnnd1 at multiple sites, although the major band corresponded to single monoubiquitinated Ctnnd1. Next, we analyzed the effects of endogenous MIB1 on Ctnnd1, and found that MIB1 knockdown reduced the level of Ctnnd1 ubiquitination (Fig. 3H ). Taken together, these observations suggest that Mib1 promotes the monoubiquitination of Ctnnd1.
Mib1-Mediated Ubiquitination Controls Ctnnd1-Dependent Rac1
Activation. Ubiquitination regulates protein degradation, localization, and function (34) . Given that the MIB1 knockdown phenotype was similar to that associated with Ctnnd1 overexpression, we speculated that Mib1-mediated ubiquitination negatively controls Ctnnd1 expression or function.
First, to determine whether Mib1-mediated ubiquitination affects the Ctnnd1 protein levels, we analyzed the effects of MIB1 knockdown in HeLa cells. MIB1 knockdown had no effect on the level of Ctnnd1 protein, which is expressed as two isoforms (35) (Fig. 4A) , indicating that Mib1 does not promote Ctnnd1 degradation.
In addition to regulating cadherin localization, Ctnnd1 has been reported to regulate actin rearrangement by modulating Rac1 activity (30, 31, 36) . As mentioned earlier, Ctnnd1 overexpression increases the numbers of filopodia and lamellipodia, and causes ectopic protrusion formation (29) (30) (31) (Fig. 4 B and C) . However, the Ctnnd1 overexpression phenotype was offset by the expression of dominant-negative Rac1 (Rac1DN) (Fig. 4 B and C) , in agreement with previous studies (30, 31) , confirming that Rac1 is a downstream effector of Ctnnd1. Because MIB1 knockdown resulted in a phenotype similar to that induced by Ctnnd1 overexpression, we hypothesized that Mib1 indirectly regulates Rac1 activation. To test this hypothesis, we examined the effects of Rac1DN expression in MIB1 knockdown cells. As predicted, Rac1DN expression reduced the shape index of MIB1 knockdown cells (Fig. 4 B and C) , suggesting that Mib1 regulates Rac1 activation.
Next, we analyzed the relationship between Mib1 ubiquitin ligase activity and Ctnnd1-induced protrusion activity. Coexpression of Ctnnd1 with WT Mib1, but not Mib1CS, reduced the cell shape index (Fig. 4 D and E) , suggesting that Mib1 functions to suppress the Ctnnd1-dependent Rac1 activation and the formation of cell protrusions in a ubiquitin ligase-dependent manner. To examine this possibility, we conducted active Rac1 pull-down experiments. We found that Ctnnd1 overexpression induced Rac1 activation as previously reported (30, 31) , and that Mib1 overexpression suppressed Rac1 activation in a ubiquitin ligase activity-dependent manner (Fig. 4 F and G) . These results indicate that Mib1-mediated ubiquitination negatively regulates Ctnnd1-induced Rac1 activation.
Ctnnd1 K574 Is Required for Mib1-Mediated Regulation of Ctnnd1
Function. To identify the Mib1 ubiquitination sites in Ctnnd1, we constructed C-terminal deletion mutants of Ctnnd1 (Fig. 5A) . Mib1 ubiquitinated Ctnnd1-full length, Ctnnd1-743, Ctnnd1-648, and Ctnnd1-584 to different degrees, but did not ubiquitinate Ctnnd1-540 (Fig. 5B) . These results suggested that the Mib1 target lysine residues are located between amino acids 541 and 584. The amino acid sequence in this region of Ctnnd1 is highly conserved among vertebrates and contains three lysines that are potential Mib1 ubiquitination sites (Fig. 5C ). To determine whether these conserved lysines are indeed Mib1 ubiquitination sites, we generated two mutant forms of Ctnnd1, Ctnnd1-K547A, containing a point mutation replacing K547 with alanine, and Ctnnd1-2KA, containing point mutations replacing K569 and K574 with alanines. Compared with the ubiquitination of WT Ctnnd1, Mib1-mediated ubiquitination of Ctnnd1-K547A was dramatically reduced, whereas that of Ctnnd1-2KA was not (Fig. 5 D and E). These results indicate that Ctnnd1 K547 is a major Mib1 ubiquitination residue.
Next, we tested whether K547 ubiquitination is involved in Ctnnd1 function. The overexpression of Ctnnd1-K547A or Ctnnd1-2KA induced ectopic protrusion formation and increased the cell shape index (Fig. 5 F and G) . Mib1 overexpression suppressed the effects of Ctnnd1-2KA overexpression in a ubiquitin ligasedependent manner, but did not suppress the effects of Ctnnd1-K547A overexpression (Fig. 5 F and G) . These results suggest that Mib1 negatively regulates Ctnnd1 function by ubiquitinating K547.
Mib1 Is Involved in Regulating Persistent Cell Migration in Vivo.
To investigate Mib1 function in cell migration in vivo, we used zebrafish pLLP as a model system. Because the pLLP migrates over a long distance, its migration can be easily observed. A previous study reported that pLLP migration stalls about halfway the tip of the tail in mib1 ta52b mutant zebrafish embryos at 48 h postfertilization (hpf) (21) . Therefore, we tested the possibility that the Mib1-Ctnnd1-Rac1 pathway contributes to pLLP cell migration.
Delayed pLLP migration in mib1 ta52b mutant embryos was apparent by 25 hpf, an early point in migration, before the first neuromast deposition (Fig. 6 A and B) . To explore the role of Mib1 in pLLP migration further, we investigated the movement of individual pLLP cells in detail. For this analysis, the pLLP was divided into a leader and a follower region (Fig. S3A) . We defined leader cells as the cells located within 20 μm of the leading edge of the pLLP, because these cells are sufficient to regulate pLLP directional migration (37) . Cell-tracking analyses revealed that both leader and follower cells in mib1 ta52b lost their directional movement, while sibling control cells showed persistent directional migration (Fig. 6 C and D, Fig. S3B , and Movies S5 and S6). In contrast to our observations in HeLa cells, the migration velocity of both leader and follower cells was slower in mib1 ta52b than in control siblings (Fig. 6E) . However, the A/E ratio was higher for mib1 ta52b leader cells than for mib1 ta52 follower cells, as indicated by a wound-healing assay (Fig. 6F and Fig. S3 C and D) . These data indicate that Mib1 is involved in persistent directional migration of pLLP cells.
We examined F-actin dynamics in pLLP cells using a hspGFF15A; Tg(UAS:Lifeact-mCherry) double-transgenic line (38) . In both the WT and the mib1 ta52b pLLP, F-actin-rich protrusions formed in the basal region (Fig. S4A and Movies S7 and S8). Moreover, many protrusions were formed toward the direction of migration, and less frequently, opposite directional protrusions were extended in the WT pLLP. On the other hand, directedness of protrusions was lost in mib1 ta52b ( Fig. 6G and Movies S9 and S10). In addition, in mib1 ta52b pLLP cells, expansion and contraction cycles of F-actin-rich protrusions were faster than those in WT pLLP cells (Fig. S4 B and C and Movies S9 and S10). Moreover, like MIB1 knockdown HeLa cells, mib1 ta52b pLLP cells had a drastically altered shape compared with WT pLLP cells (Fig. 6G and Movies S9 and S10).
ctnnd1 Knockdown Rescues the pLLP Migration Delay in mib1 ta52b
Mutants. As ctnnd1 mRNA expression was not affected in mib1 ta52b mutants (Fig. S5A) , it was possible that the pLLP migration defect in the mib1 ta52b mutant was due to an increase in either Ctnnd1 protein or Ctnnd1 activity. To test these possibilities, we reduced Ctnnd1 expression in mib1 ta52b mutant embryos by Each symbol shows the pLLP migration distance. Lines indicate the mean and SD. WT (n = 9) and mib1 ta52b (n = 8). ****P < 0.0001 (Student's t test). (C) Cell migration tracked for 10 min at 25-26 hpf. Each line shows the trajectory of a randomly chosen pLLP cell determined from six independent movies (three sibling control movies and three mib1 ta52b movies). Two representative movies are provided as Movies S5 and S6. Cell positions were determined every 30 s. (Scale bar, 10 μm.) Sibling leader (n = 15); sibling follower (n = 60); mib1 ta52b leader (n = 13); mib1 ta52b follower (n = 54); A, anterior; D, dorsal; P, posterior; V, ventral. (D) Rose diagrams representing the orientation of migration trajectories relative to the direction of migration in C. Each black sector indicates frequency of trajectory orientation. Sibling leader (n = 15); sibling follower (n = 60); mib1 ta52b leader (n = 13); mib1 ta52b follower (n = 54); A, anterior; D, dorsal; P, posterior; V, ventral. (E) Statistical analysis of the velocity of pLLP cell migration in C. Lines indicate the mean and SD. Sibling (leader n = 15, follower n = 60); mib1 ta52b (leader n = 11, follower n = 54); two outliers were removed by the ROUT method. *P < 0.05 (one-way ANOVA with Tukey's multiple comparison test). (F) Statistical analysis of the A/E in C. Lines indicate the mean and SD. Sibling (leader n = 14, follower n = 60); mib1 ta52b (leader n = 13, follower n = 51). Three outliers were removed by the ROUT method. *P < 0.05; ****P < 0.0001 (one-way ANOVA with Tukey's multiple comparison test). (G) Time-lapse imaging of F-actin dynamics in sibling or mib1 ta52b embryo around 25 hpf. Each panel shows five time points (0, 1, 2, 3, 4 min) of Movies S9 and S10. F-actin-rich protrusions in were formed in the direction of migration (magenta arrowheads, Upper) and protrusions extending in the opposite direction were formed less frequently (green arrowheads) in siblings. In mib1 ta52b , F-actin-rich protrusions were extended to random directions (magenta arrowheads, Lower). The regions boxed with a magenta dotted line correspond to Fig. S4 B and C. (Scale bar, 10 μm.) injecting a small dose (3 ng) of ctnnd1 antisense morpholino oligo (MO). Injection of ctnnd1 MO partially rescued the pLLP migration defect in the mib1 ta52b mutant at ∼25 hpf, but had no effect on pLLP migration in control siblings (Fig. 7 A  and B and Fig. S5 B-D) . In addition, Ctnnd1 MO rescued the loss of directness in the mib1 ta52b pLLP (Fig. 7C and Movies S11-S14). These results suggested that Mib1 regulates Ctnnd1 function and engages in persistent directional migration of pLLP cells.
In the pLLP, Ctnnd1 protein was found primarily in the membranes of follower cells (Fig. 7D) . Notably, Ctnnd1 expressed in the leader cell membranes showed reduced localization to the free edges. However, there was no significant difference in Ctnnd1 localization between the WT and mib1 ta52b embryos (Fig. 7D) . Because Ctnnd1 is involved in cadherin stabilization at the cell membrane (27, 28) , we examined N-and E-cadherin localization in the pLLP of mib1 ta52b embryos. N-cadherin localization was not dramatically different between WT and mib1 ta52b embryos at 25 hpf (Fig. 7E) . Moreover, N-cadherin accumulation was higher in follower cells than in leader cells and was barely detected at the free edges of the leader cells in both the WT and mib1 ta52b embryos (Fig. 7E, arrowheads) . E-cadherin showed similar expression patterns in WT and mib1 ta52b pLLP cells (Fig. 7F ). In addition, the E-cadherin turnover rate was not affected in the mib1 ta52b mutant (Fig. S6) . Moreover, injection of ctnnd1 MO did not change N-and E-cadherin localization in WT and mib1 ta52b mutant embryos (Fig. S7) . These data suggest that Mib1 does not regulate cadherin protein stability and localization.
Discussion
The E3 ubiquitin ligase Mib1 is well known as a positive regulator of Notch signal. Mib1 ubiquitinates the Notch ligands Delta and Jagged and induces their endocytosis. Here, we showed that Ctnnd1 is a novel substrate of Mib1 and that the Notch signalindependent Mib1-Ctnnd1 pathway is involved in persistence of cell migration. Based on our results, we propose that Mib1 ubiquitinates ). Lines indicate the mean and SD. Control MO-injected sibling (leader n = 22, follower n = 90); control MO-injected mib1 ta52b (leader n = 20, follower n = 73); ctnnd1 MO-injected sibling (leader n = 21, follower n = 77); ctnnd1 MO-injected mib1 ta52b (leader n = 19, follower n = 67). Thirty-seven outliers were removed by the ROUT method. n.s., not significant (one-way ANOVA with Tukey's multiple comparison test). (D) Ctnnd1 localization is similar in the mib1 ta52b and sibling pLLP. Green, membrane GFP in Tg(cldnb:lynGFP); magenta, Ctnnd1. Ctnnd1 expression in the membrane at free edges (white arrowheads) is lower than that in the cohesive following edges (white arrows) in both control and mib1 ta52b embryos. (Scale bar, 10 μm.) (E) N-cadherin accumulation in follower cells is higher than that in leader cells in both control and mib1 ta52b embryos (white arrowheads). N-cadherin localization is unaffected in the mib1 ta52b mutant at 25 hpf. Green, membrane GFP in Tg(cldnb:lynGFP); magenta, N-cadherin. (Scale bar, 10 μm.) (F) E-cadherin localization is unaffected in the mib1 ta52b mutant at 25 hpf. Green, membrane GFP in Tg(cldnb:lynGFP); magenta, E-cadherin. White arrowheads, free edges. (Scale bar, 10 μm.) (G) Hypothetical model of the involvement of the Mib1-Ctnnd1-Rac1 pathway in cell migration. Mib1 induces ubiquitination of Ctnnd1 K547 and reduces Ctnnd1-dependent Rac1 activation, but guidance cue-mediated Rac1 activation leads to persistent directional migration (Left). Mib1 defect induces elevated Rac1 activity by relief of negative regulation of Ctnnd1, and leads to an increase in random cell migration (Right).
Ctnnd1 K547 and negatively regulates Ctnnd1-dependent Rac1 activity for persistent directional cell migration (Fig. 7G) .
Local, polarized Rac1 activity induced by guidance cues, such as chemokine gradient, is required for persistent directional cell migration (6, 7) . In contrast, global Rac1 activation reduces persistent cell migration (14) . Therefore, tight control of Rac1 activity is necessary for persistent cell migration (14) . Rac1 activity is regulated by upstream regulator proteins, such as GEFs and GAPs (12, 13) . Defects in the genes encoding these regulators affect Rac1 activity. For example, ArhGAP15 is one of the Rac1 GAPs and is required for negative regulation of Rac1 activity; its defect induces elevated Rac1 activity and affects directional migration of hippocampal interneurons in the mouse (39) . Another level of Rac1 regulation is achieved by Ctnnd1. Ctnnd1 is one of the upstream positive regulators of Rac1 and can elevate Rac1 activity in the cytoplasm (30, 31) . Cadherin-dependent translocation from the cytoplasm to the plasma membrane suppresses its function (30, 31) . However, the regulation of cytoplasmic Ctnnd1 activity remained unknown. Here, we showed that Mib1 colocalizes with Ctnnd1 in cytoplasmic foci and negatively regulates Ctnnd1 function in cultured cells. Therefore, Mib1 might be a novel modulator of cytoplasmic Ctnnd1 activity to maintain Rac1 activity at an appropriate level for persistent directional migration (Fig. 7G) .
Next, we asked how ubiquitination of Ctnnd1 negatively regulates its function. Two possible mechanisms can account for Mib1-mediated regulation of Rac1 activity through Ctnnd1 ubiquitination. One possibility is that K547 ubiquitination interferes with the interaction between Ctnnd1 and Vav2. Vav2 is the GEF that promotes GTP binding to Rac1 (40, 41) , and interaction of Ctnnd1 with Vav2 promotes Rac1 activation (31, 42) . Therefore, Mib1-driven Ctnnd1 ubiquitination might inhibit the interaction of Ctnnd1 with Vav2, thereby reducing Rac1 activation. The second possibility is that K547 ubiquitination prevents the interaction between Ctnnd1 and RhoA. Previous studies have shown that Ctnnd1 interacts with RhoA and functions as a Rho-GDP dissociation inhibitor. The N-terminal region of Ctnnd1 (amino acids 102-234) and the basic region (amino acids 622-628) located between armadillo repeats five and six cooperate to promote RhoA binding and inhibit RhoA activity (29, 43, 44) . As Ctnnd1 K547 is located in the vicinity of the basic region in the 3D structure of Ctnnd1 (45) , ubiquitin modification of this residue might prevent RhoA from binding to Ctnnd1, thereby directly increasing RhoA activity, which would eventually lead to suppression of Rac1, since RhoA and Rac1 activities are mutually exclusive (36) .
Both MIB1 knockdown HeLa cells and mib1 ta52b mutant pLLP cells showed a decrease in persistent cell migration. This might be attributed to Ctnnd1-dependent ectopic Rac1 activation. However, the migration speed was increased in MIB1 knockdown HeLa cells but decreased in mib1 ta52b mutant pLLP cells. The effect of Rac1 activation on cell migration speed is known to be cell context-dependent. Previously, Pankov et al. (14) showed that the effect of Rac1 activity on migration speed varies by cell type. Two different factors, cell-cell adhesion and the extracellular matrix, have been implicated in the determination of cell migration speed. First, pLLP cells express E-and N-cadherin, which mediate cell-cell adhesion during migration. In our observations, mib1 ta52b mutant pLLP cells were adherent at 25 hpf. On the other hand, MIB1 knockdown HeLa cells tended to loosen cell-cell adhesion in a wound-healing assay because Rac1 activation reduces N-cadherin accumulation at the cell-cell contact site in HeLa cells (46) . This difference in cell-cell adhesion status may be one reason why Rac1 activation differentially affects the cell migration speed. Moreover, Ctnnd1 localization is influenced by cadherin-dependent cell-cell adhesion (30, 31) . Thus, the reduction in N-cadherin accumulation may increase cytosolic Ctnnd1 and enhance Ctnnd1-induced Rac1 activation in HeLa cells. On the other hand, Ctnnd1 mainly localized to the cell membrane, and cytosolic Ctnnd1 was low in mib1 ta52b pLLP, probably because E-and N-cadherin localization was intact at 25 hpf. Therefore, the degree of enhancement of Ctnnd1-mediated Rac1 activation may differ between MIB1 knockdown HeLa cells and mib1 ta52b pLLP, which would explain the different migration speeds in vivo and in vitro.
Second, pLLP migrates through a 3D structure surrounded by the extracellular matrix. On the other hand, HeLa cells migrate on a 2D surface. This difference in extracellular matrix topography affects cell migration (6, 7) . Thus, the extracellular matrix status may determine the cell migration speed. Therefore, the different effects of Mib1 on migration speed observed in our study might be explained by different cell-cell adhesion and extracellular matrix statuses.
Mib1 is a positive regulator of Notch signal and contributes to pLLP migration in a Notch signal-dependent manner. In mib1 mutant embryos, atoh1a, which is a Notch downstream gene, was excessively expressed. Excessive atoh1a reduces fgfr1 expression and attenuates FGF signaling in the pLLP, resulting in the expansion of Wnt signal (21) . Recently, Valls et al. (42) showed that Wnt signal induces Rac1 activity via Ctnnd1 in HEK-293 cells, SW-480 cells, and Xenopus embryos. Therefore, in mib1 ta52b pLLP, the Rac1 activity level might be highly elevated owing to loss of Notchdependent signal in addition to the Mib1-Ctnnd1-Rac1 pathway. Another Notch-dependent change in the mib1 mutant is the loss of polarized chemokine receptor expression (21) . Previously, Xu et al. (47) demonstrated that knockdown of cxcr4b, cxcl12a, or Gβ1, which can transmit chemotactic signals from Cxcr4b to Rac1, reduced F-actin-rich protrusion formation and disruption of pLLP migration. However, we showed that F-actin dynamics was increased in the mib1 mutant. Therefore, the Notch-independent Mib1-Ctnnd1-Rac1 pathway functions differently from chemokinemediated Rac1 regulation in pLLP migration.
In addition to ubiquitination of Notch ligands, Mib1 also acts in the Wnt signaling pathway, which plays important roles in pLLP migration (17) (18) (19) (20) 22) . Therefore, the combined signal changes in mib1 ta52b could affect pLLP cell migration through pathways other than Ctnnd1-Rac1, which may also explain the differential cell migration behavior between HeLa and pLLP cells.
In conclusion, we propose that the Mib1-Ctnnd1-Rac1 pathway is involved in the regulation of persistent directional cell migration. As Mib1 is expressed in a variety of tissues in addition to the pLLP, the Mib1-Ctnnd1-Rac pathway might regulate cell migration during the development of other tissues as well, which will have to be investigated in future studies. Cell migration also occurs in metastatic cancer and is closely linked to cancer malignancy (4, 5, (48) (49) (50) , and cytosolic Ctnnd1 has been shown to be involved in metastatic breast and colon cancers (51) (52) (53) , suggesting that Ctnnd1 might be a target for cancer therapy. Therefore, our findings might lead to a new strategy for cancer therapy.
Materials and Methods
Zebrafish were raised and maintained under standard conditions (54) with approval by the Institutional Animal Care and Use Committee at Chiba University. The mib1 ta52b mutant, hspGFF15A line, and Tg(UAS:Lifeact-mCherry) line were described previously (17, 38) . The Tg(cldnb:lynGFP) (37) strain was obtained from Darren Gilmour, European Molecular Biology Laboratory, Heidelberg. Males and females of these strains were mated to generate embryos.
Additional methods are provided in SI Materials and Methods.
